[1] Accumulations of rocky debris at the base of bedrock escarpments on Mars have mean inclinations of $20°, well below the angle of repose ($35°). These inclinations decrease with increasing latitude, suggesting a climatic influence. We present evidence that these low inclinations are the result of gravitational creep driven by repeated deposition and sublimation of ground ice. We estimate the rates of bedrock erosion and ice-driven creep on Mars and use a simple model to show that the probable time scale for debris slope development is between 20 Myr and 2 Gyr. Our results suggest that water ice has shaped Martian landscapes throughout the late Amazonian period.
Introduction
[2] The discoveries of relatively young erosional channels [Malin and Edgett, 2000] and evidence of shallow ground ice at high latitudes [Boynton et al., 2002; Mitrofanov et al., 2002] on Mars have sparked a debate over the role of water in shaping the Martian landscape in recent times [e.g., Hoffman, 2000; Mellon and Phillips, 2001; Musselwhite et al., 2001; Costard et al., 2002; Stewart and Nimmo, 2002] . Here we describe a landscape signal on Mars that is more pervasive than the young channels and suggests a more long-lived influence of near-surface water.
[3] High-resolution Mars Orbiter Camera (MOC) images of the Martian surface show extensive, steeply sloping deposits of debris at the base of bedrock escarpments in impact craters, outflow channels, and other contexts. Such debris slopes occur over much of the Martian surface but are most abundant at intermediate southern latitudes. They are typically several hundred meters long in the downslope direction and may continue for many kilometers in the cross-slope direction. A sharp break in slope at the toe of the debris (present in some but not all slopes) ( Figure 1a ) and V-shaped erosional chutes in many of the bedrock escarpments ( Figure 1b) suggest that the slopes consist primarily of rocky debris shed from the escarpments and are not accumulations of wind-blown dust. Bedrock probably weathers by thermal stressing, growth of needle ice in fractures, or salt shattering. Material is then delivered to the debris slope by rockfall or small rockslides. Individual particles cannot be resolved even in the highest-resolution images (1.4 m/pixel), so the particles must be < $4 m (3 pixels) in diameter.
[4] These debris slopes appear to be geomorphically active. The near absence of craters implies recent resurfacing by emplacement of new material or reworking of existing material. Fissures that extend roughly along contour on a few slopes ( Figure 1c ) may be tensional cracks associated with transport of cohesive debris. Possible sources of cohesion include mineral cements, electrostatic effects, and ground ice.
Analysis of Martian Debris Slopes

Topographic Measurements
[5] We surveyed more than 300 debris slopes in a quadrant spanning 150°-180°W and 30°-60°S. By overlaying MOC images and Mars Orbiter Laser Altimeter (MOLA) elevation data, we constructed topographic profiles for 82 slopes (Figure 2a ). Profiles typically consisted of 3 to 6 MOLA shots, which were used to calculate a mean inclination for each slope. This population of 82 mean inclinations has a mean and standard deviation of 19.1°± 7.0°. The composite profile in Figure 2a also shows that the debris slopes are generally concave up. We have detected no systematic variation in these properties with slope aspect, geologic context, or the presence or absence of young erosional channels (''gullies''). There is, however, a significant decrease in the mean inclination of debris slopes with increasing latitude (Figure 2b ).
Terrestrial Comparisons
[6] These low inclinations indicate that processes other than rockfall have modified Martian debris slopes. Figure 3 compares the mean inclination of Martian slopes with those of terrestrial debris slopes. Slopes that develop only by rockfall have straight profiles with inclinations of $35°, the typical angle of repose for cohesionless, naturally occurring granular material [Van Burkalow, 1945] . Because the static and dynamic friction angles should not differ significantly between Earth and Mars [Klein and White, 1988] , dry rockfall alone probably did not form the $20°Martian slopes.
[7] Two terrestrial processes are known to produce debris slopes with concave-up profiles and inclinations as low as those observed on Mars: mass flows involving liquid water or snow [Rapp, 1960; Caine, 1969; Kirkby and Statham, 1975; Van Gassen and Cruden, 1989] , and gradual downslope displacement due to ground disturbance and gravity, often called ''creep'' [Rapp, 1960] . MOC images of ungullied slopes contain no evidence of the overlapping, lobate deposits that are commonly observed on terrestrial slopes shaped by mass flows [e.g., Whitehouse and McSaveney, 1983] . Subtle topographic features are visible in the depositional fans at the distal ends of gullies, which suggests that the resolution of MOC images is sufficient to reveal largerscale deposits. Tensional cracks like those shown in Figure 1c may have been produced by deep mass movements in the debris [Howard, 2003] , but their infrequent occurrence suggests that such processes are not responsible for the low debris slope inclinations.
Interpretations
[8] In the absence of evidence that debris slopes have been modified significantly by mass flows, we focus on the creep mechanism, in which gradual downslope movement of rock debris due to a spatially uniform disturbance process and gravity lowers the gradient of the debris slope. Likely sources of disturbance on Mars include ground motion due to ''marsquakes'' or impacts, thermal expansion of the rock debris, or frost heaving due to the formation of ground ice. The lack of surficial evidence of recent faulting suggests that shallow marsquakes do not occur with enough frequency and intensity to cause significant sediment transport. Impacts >1 km in diameter should cause downslope transport of unconsolidated material within several crater diameters of the impact [Schultz and Gault, 1975 ], but we have noted no qualitative relationship between debris slope inclinations and the proximity of large impact craters. Thermal expansion may contribute to bedrock weathering, but it probably does not cause appreciable sediment transport. If the rocky debris on Mars is basalt (a = 8 Â 10 À6 K À1 ) with a porosity f = 35%, a uniform temperature change ÁT as large as 100 K over a depth d of 2 m would cause a surface displacement (1-f)adÁT = 1 mm, which should not cause rearrangement of centimeter-to decimeter-sized clasts.
[9] Transport by repeated deposition and sublimation of ice in the Martian regolith is a more likely mechanism. ''Frost creep'' occurs when slope-normal expansion due to the formation of ice lenses or needle ice and subsequent vertical settling on ice removal causes net downslope movement at a rate proportional to the topographic gradient. Several lines of evidence suggest that frost creep occurs on Mars. Theoretical work by Jakosky [1993, 1995] indicates that orbitally induced climatic and atmospheric variations should lead to cyclic sublimation and deposition of water ice in the Martian regolith. An abundance of landforms similar to those formed by repeated freeze-thaw cycles on Earth, such as polygons, have been identified in Viking [Squyres and Carr, 1986] and MOC [Mustard et al., 2001; Seibert and Kargel, 2001] images. Mars Odyssey results [Boynton et al., 2002; Mitrofanov et al., 2002] suggest that water ice is present in the upper meter of regolith at high latitudes, with a spatial distribution that is consistent with theoretical predictions of ground ice stability [Mellon and Jakosky, 1993] . At high obliquity, the region of ground ice stability would extend to lower latitudes. Moreover, because frost creep is driven by changes in ground ice abundance rather than by long-term stability, it could be most intense at middle latitudes. Our observation that debris slope inclinations decrease with increasing latitude between 30°S and 60°S (Figure 2b ) is consistent with this hypothesis. Odyssey results also indicate that ice volume fractions at high latitudes may exceed the porosity of the regolith, which would imply ice lens formation. Boynton et al. [2002] estimate that the upper meter of regolith contains $60% (range 40-73%) water ice by volume, while porosity estimates derived from density measurements at the Viking 1 lander site range from 36 ± 16% for coarse debris to 54 ± 6% for dust [Moore and Jakosky, 1989] .
Creep Model
[10] A simple, one-dimensional model offers constraints on the rate and duration of debris slope evolution. We assume that a debris slope forms by horizontal erosion of a bedrock escarpment that begins as a vertical cliff. Fresh debris accumulates at the angle of repose (35°), and the profile evolves according to
where z is elevation, x is horizontal distance from the top of the slope, and the coefficient D has the units of diffusivity (L 2 /T). Equation (1) is based on the geometric assumption that downslope sediment flux is proportional to the topographic gradient, which should be valid for frost creep. It is widely used to describe the evolution of terrestrial hillslopes, and for low to moderate inclinations a number of studies have provided empirical support for the equation and field-parameterized values for the diffusivity [McKean et al., 1993] .
[11] Three parameters control the shape of the model profile: the amount of time the slope has been evolving, the escarpment erosion rate, and the diffusivity. We obtained model solutions by minimizing the misfit between the model profile and the composite profile in Figure 2a . The set of solutions predicts that the time of debris slope development t d is inversely proportional to the escarpment erosion rate E and the diffusivity: t d = k 1 /E = k 2 /D with k 1 = 160 m and k 2 = 8.1 Â 10 4 m 2 . By estimating the erosion rate and the diffusivity and identifying the solutions that fall within both ranges, we can bracket the time scale of debris slope development. Horizontal bedrock surfaces on Mars should erode much more rapidly than those on the Moon (10 À9 m/yr [Kohl et al., 1978] ) and potentially as rapidly as those in cold, arid terrestrial environments such as Antarctica's Dry Valleys (10 À7 to 10 À6 m/yr [Nishiizumi et al., 1991] ). Thus we expect that erosion rates on horizontal bedrock surfaces on Mars are between 10 À8 and 10 À6 m/yr. In high alpine regions on Earth, near-vertical bedrock surfaces erode more rapidly than horizontal surfaces by roughly an order of magnitude [Rapp, 1960; Carson and Kirkby, 1972] , and so escarpment erosion rates on Mars probably lie between 10 À7 and 10 À5 m/yr. This corresponds to times ranging from approximately 2 Â 10 7 yr to 2 Â 10 9 yr and diffusivities ranging from 5 Â 10 À5 m 2 /yr to 5 Â 10 À3 m 2 /yr. [12] We can examine whether this range of diffusivities is reasonable by independently estimating the diffusivity due to frost creep on Mars. If the intensity of frost creep decreases exponentially with depth at a rate b, the slopeparallel sediment velocity u( y) is
where y is slope-normal depth, d is the coefficient of volume expansion due to ice formation, q is the slope angle, and C o is the frequency of deposition and sublimation at the surface. We assume that the debris is cohesionless and that slope-normal displacements are at least on the order of the particle radius. The volumetric sediment flux q s is the depth integral of the velocity Sauchyn [1986] . The distribution for 82 Mars slopes is also shown. Number of studies used to compile the terrestrial data set: rockfall, 8; snow avalanche, 10; debris flow, 5. and the term in parentheses gives the diffusivity. Kirkby [1967] and Anderson [2002] have proposed similar expressions for the rate of transport by creep.
[13] The model of Mellon and Jakosky [1995] predicts cyclical desiccation and saturation of the Martian regolith to a depth of 1 to 2 m with a period of $10 4 to 10 5 Earth years (the time scale for large variations in Mars' obliquity). Defining the active layer thickness as the distance over which the surface intensity of a disturbance is reduced by 90%, a 2 m active layer corresponds to a b value of 1.15 m À1 . Frost creep does not require total saturation and desiccation of the regolith, however; higher creep rates could result from smaller-amplitude oscillations in ice lens thickness tied to shorter-period orbital variations. For example, if a volume of ice equivalent to the upper meter of the north polar cap [Zuber et al., 1998 ] were exchanged with the upper 2 meters of regolith poleward of 30°S every 100 Mars years, equation (3) predicts a diffusivity of 1.4 Â 10 À4 m 2 /yr. This value is within the range predicted by our erosion rate estimates. The corresponding diffusive time scale for a 10 m topographic feature is <1 Myr, which may explain the scarcity of small impact craters on Martian debris slopes. This also indicates that frost creep could have erased evidence of earlier gullying episodes or other mass flows quite rapidly.
Conclusions
[14] Our analysis suggests that the concavity and low inclinations of debris slopes on Mars are signatures of creep that is driven by repeated deposition and sublimation of water ice in the regolith and has operated over 10 7 -10 9 yr. The decline in debris slope inclinations with increasing latitude highlights a link between climate, hydrology, and erosional processes that should help to constrain models of Mars' climate history and hydrosphere. It appears that water ice has actively shaped Martian topography throughout the late Amazonian period.
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